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Abstract 
Background: Structural chromosome abnormalities are well known as factors that reduce fertility rate in domestic 
pigs. According to large-scale national cytogenetic screening programs that are implemented in France, it is esti-
mated that new chromosome abnormalities occur at a rate of 0.5 % in fertility-unproven boars.
Results: This work aimed at estimating the prevalence and consequences of chromosome abnormalities in com-
mercial swine operations in Canada. We found pig carriers at a frequency of 1.64 % (12 out of 732 boars). Carrier pigs 
consistently showed lower fertility values. The total number of piglets born for litters from carrier boars was between 
4 and 46 % lower than the herd average. Similarly, carrier boars produced litters with a total number of piglets born 
alive that was between 6 and 28 % lower than the herd average. A total of 12 new structural chromosome abnormali-
ties were identified.
Conclusions: Reproductive performance is significantly reduced in sires with chromosome abnormalities. The inci-
dence of such abnormal sires appears relatively high in populations without routine cytogenetic screening such as 
observed for Canada in this study. Systematic cytogenetic screening of potential breeding boars would minimise the 
risk of carriers of chromosome aberrations entering artificial insemination centres. This would avoid the large nega-
tive effects on productivity for the commercial sow herds and reduce the risk of transmitting abnormalities to future 
generations in nucleus farms.
© 2016 The Author(s). This article is distributed under the terms of the Creative Commons Attribution 4.0 International License 
(http://creativecommons.org/licenses/by/4.0/), which permits unrestricted use, distribution, and reproduction in any medium, 
provided you give appropriate credit to the original author(s) and the source, provide a link to the Creative Commons license, 
and indicate if changes were made. The Creative Commons Public Domain Dedication waiver (http://creativecommons.org/
publicdomain/zero/1.0/) applies to the data made available in this article, unless otherwise stated.
Background
Pork is the most consumed meat in the world [1, 2] and 
with the expansion of the global population, the need 
for efficient large-scale breeding is more important 
than ever. Factors such as fertility and litter size have 
major impacts on the economics of pork production [3]. 
Minimizing embryonic loss during pregnancy is key to 
improving litter size and it is well known that chromo-
some abnormalities are the major etiologic factors in the 
risk of embryo malformations and early embryo mortal-
ity in the domestic pig [4]. The negative impact of chro-
mosome abnormalities on farm animal reproduction 
has led to the establishment of cytogenetic screening 
programs in many countries [5]. The largest of these 
programs was initiated in France over 20  years ago and 
led to the regular testing of all young artificial insemina-
tion (AI) boars in the country. This resulted in the most 
precise estimate of the prevalence of structural chro-
mosomal abnormalities in a farm animal species, and in 
the appreciation of economic returns when the breeding 
companies cull carriers. The overall rate of chromosomal 
rearrangements in hypoprolific boars in service is close 
to 50 % and its prevalence in young untested AI boar can-
didates is 0.47 % [6]. This most probably reflects the rate 
of “de novo” abnormalities, since in other less intensively 
tested populations the frequency of abnormalities is usu-
ally much higher according to reports from Poland (1 %), 
the Netherlands (1.5 %) and Spain (3.4 %) [5, 7, 8]. Prior 
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to this study, a systematical screening for chromosome 
abnormalities was not implemented in Canada but a few 
cases have been identified in Canadian pig populations, 
including a rcp(Xp+;14q−) [9, 10], rcp(1;6)(p22,q12), 
rcp(10;13), and rcp(9;14)(p24;q27) [11].
Therefore, this study aimed at investigating the preva-
lence and economic consequences of undetected chro-
mosome abnormalities in commercial swine operations, 
which had not previously been screened.
Methods
Animals
Peripheral blood samples were collected from 732 
unproven young boars raised on various Canadian farms. 
The tested population consisted of four breeds: Duroc 
(n = 340), Landrace (n = 222), Yorkshire (n = 146) and 
Pietrain (n = 24). In addition, karyotype analysis included 
the relatives and offspring of boars that were identified as 
carriers of chromosome aberrations where available (79 
animals). These relatives were identified based on well-
managed breeding records of genetic supplier farms.
Chromosome analysis
Lymphocyte cultures from whole blood were set up 
according to standard cytogenetic methods, as previously 
described [11]. Images of GTG-banded [12] metaphase 
spreads were captured using a Leica DM5500B micro-
scope (Leica), equipped with a Retiga Exi Fast (QImag-
ing) digital camera and the OpenLab imaging software 
(Perkin Elmer). For each animal, 10  to  20 metaphase 
spreads were examined and at least three good quality 
metaphases per animal were karyotyped according to 
the international standard karyotype for the domestic 
pig [13], using the SmartType software (Digital Scientific 
UK).
Chromosome preparations that were prepared from 
Robertsonian translocation carriers were also stained 
for 5  min in 1  μg/mL propidium iodide in phosphate 
buffered saline buffer, covered with Vectashield, then 
denatured by placing them into a hot oven (90  °C) for 
5 to 8 min till a C-banding-like pattern could be observed 
under the fluorescent microscope.
Analysis of reproductive data and economic losses
Reproductive data for each identified carrier boar and 
its relatives (if available) were collected and compared 
with their herd averages. The latter was calculated for 
the period during which the carrier boar was in service. 
In addition, the direct boar effect on litter size (DBE) 
[14] was also used for comparison, when available. The 
DBE value precisely shows how many more or less pig-
lets a given boar produces per litter on average, since 
the estimated boar effects are corrected for all identified 
environmental effects and breeding values of its mates. 
The Student’s t test was used to compare the available lit-
ter size related trait data, such as “total number of piglets 
born” (TNB), “total number of piglets born alive” (NBA), 
“number of stillborn piglets” (NSB) and “number of 
mummified piglets” (MUMM) for each translocation car-
rier boar with the corresponding data for the herd. The 
total loss in piglets per affected boar was calculated as 
the difference between the average TNB for the affected 
males subtracted from the average TNB for the herd mul-
tiplied by the number of litters born. The economic loss 
was calculated based on an average net weanling market 
price of $25 CDN per piglet [15]. We calculated that ~1.3 




Among the 732 karyotyped young Canadian AI boars, 12 
were detected as carriers of a chromosomal abnormality, 
which represents a prevalence of 1.64  %. The 11 identi-
fied chromosome rearrangements fell into three different 
types of structural chromosome abnormalities including 
nine reciprocal translocations, one Robertsonian translo-
cation and one inversion. Table 1 summarizes the cases 
and the identified chromosome abnormalities with their 
presumptive breakpoints based on the observed GTG-
banding pattern. Table 2 provides a comparison to previ-
ously published chromosomal rearrangements in pig that 
involve the same chromosomes. Detailed description and 
representative karyotype images are in Additional file 1.
Table 1 Summary of  the identified chromosome abnor-
malities
rcp reciprocal translocation, inv chromosome inversion, Rob Robersonian 
chromosome translocation (i.e. chromosome centric fusion), L Landrace, Y 
Yorkshire, D Duroc
a The probable inheritance was inferred from the DBE of relatives
Case # Abnormality Breed Origin
1 rcp(1;5)(q21;q23) L NA
2 rcp(1;15)(q211;q13) Y Probably maternala
3 rcp(2;5)(p16;p11) L NA
4 rcp(3;4)(p15;q13) L Maternal
5 rcp(3;12)(p13;q15) Y Probably de novoa
6 rcp(6;7)(p15; q13) D De novo
7 rcp(7;15)(q13;q13) D NA
8 rcp(8;13)(p21;q41) L De novo
9 rcp(12;14)(q15;q23) D Maternal
10 Rob(13;17) L Maternal
11 inv(8)(q11;q25) D Probably maternala
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Reproductive performance of carriers of chromosome 
abnormalities
All boars carrying a chromosome abnormality were 
healthy with a normal phenotype and were already used 
or selected as potential candidates for breeding. Semen 
quality and quantity for the identified carrier boars had 
been tested on-farm and were within the average or 
above the range of the corresponding values of their herd.
Breeding and farrowing records showed a significant 
reduction in fertility for most of the cases (Table 3). The 
in-herd calculated TNB parameter for reciprocal translo-
cation carriers varied from 6.8 to 12.7 piglets per litter, 
which represents 4 to 46 % less than their herd average. 
There was one carrier (case 6) that had a higher TNB but 
it was based on only four litters and the difference was not 
significant. The other registered fertility parameters also 
differed from their herd average, i.e. NBA was reduced 
by 6 to 28 %, NSB by 14 to 66 % and MUMM increased 
by 22 to 85 %. The NSB and MUMM-parameter values of 
the Rob(13;17) Robertsonian translocation carriers were 
slightly increased, although not significantly.
The DBE on litter size, a parameter that estimates the 
phenotypic variation of the trait attributable directly to 
the sire was available for cases 2, 4, 5 and 8, i.e. −4.82, 
−2.67, −4.4 and −4.39, respectively, which indicated a 
strong adverse effect on litter size.
Regarding case 4, in addition to the boar, its dam, a full 
sister and two maternal half-sisters were also identified 
as carriers of rcp(3;4). The dam had given birth to six lit-
ters and the three sisters to seven litters in total. Average 
TNB, NBA, NSB and MUMM for carrier sows were equal 
to 11.5, 10.5, 1 and 0.38 piglets per litter, respectively. The 
TNB value represented a 10 % reduction compared with 
the average value of 12.8 piglets per litter for the herd. 
The NSB value was similar to the average value for the 
herd (1 vs. 0.9 piglets/litter) and MUMM was slightly 
lower (0.38 vs. 0.5 piglets/litter).
Origin and dissemination of chromosome rearrangements
The parents of five carrier boars (cases 4, 6, 8, 9 and 10) 
were available for cytogenetic investigation. Maternal 
origin of the abnormality was found in three cases (cases 
4, 9 and 10), while cases 6 and 8 were de novo events with 
both parents having a normal karyotype (Table 1). A full 
sister and three half-sisters of the rcp(3;4) carrier boar 
(case 4) were identified as translocation carriers as well.
Alternatively, if the parents are not available for testing, 
the DBE can provide information to infer the inheritance 
of the translocation and advise the owners for a follow-
up testing strategy (Table 3). The Yorkshire boar (case 2), 
which carried a rcp(1;15), had a very low DBE (−4.82) 
and its sire and paternal grand-sire had highly nega-
tive DBE values as well (−6.03 from 19 litters and −4.7 
from 63 litters, respectively), while the dam and maternal 
grandparents had average litter sizes. Although the ori-
gin of this abnormality could not be determined by direct 
karyotyping of the parents, the DBE values support a 
paternal origin. Similarly, the rcp(3;12) carrier boar (case 
5) had a DBE value of −4.4 based on data from 11 litters. 
However, its parents and grandparents all had average lit-
ter sizes. Specifically, the sire had DBE of 0.82 (19 litters), 
the paternal grand-sire a DBE of −0.57 (94 litters), the 
maternal grand-sire a DBE of 0.452 (10 litters). Therefore, 
we inferred that rcp(3;12) occurred de novo. Moreover, 
the dam and maternal grand-sire of case 11 (inv(8)) had 
litter sizes that were less than the herd average, thus a 
maternal origin can be hypothesized. Specifically, its dam 
had 6.5 piglets per litter (across four litters; herd average 
was 9.64 piglets per litter) and its maternal grand-sire 
had a DBE of −2.78 (eight litters).
The origin of rcp(7;15) (case 7) could not be deter-
mined, since the sire and dam were no longer available 
and the tested full-sister and two paternal half-sisters 
were all normal.
Although most of the sampled boars were young and 
not in service, in three cases, the carriers had already 
produced offspring, which made it possible to study the 
Table 2 Comparison of cases from the current study to lit-




Fragile sites Breed References
t(1;5)(q21;q23) 1q21 Landrace This study (case 1)
t(1;5)(q21;q21) 1q21 Polish [17]
t(1;15)(q211;q13) 1q211 Duroc This study (case 2)
t(1;15)(p25;q13) 1p25 Landrace, Finnish [18]
t(1;15)(q17;q22) 1q17 Synthetic [6]
t(1;15)(q27;q26) 1q26 Large white [19]
t(7;15)(q13;q13) Duroc This study (case 7)
t(7;15)
(7q − ;15q +)
– [20]




Landrace This study (case 8)
t(8;13)(q27;q36) – [23]
t(12;14)(q15;q23) Duroc This study (case 9)
t(12,14)(q13;q15) 14q15 French Duroc [6]
t(12;14)(q15;q13) Pietrain [6]
Inv(8)(q11;q25) Duroc This study (case 11)
Inv(8)(p21;q11) Pietrain [5]
Inv(8)(p11;q25) Large white [5]
Inv(8)(p11;p12) Polish Landrace [24]
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dissemination of this abnormality among the progeny. 
Karyotyping of 23 randomly selected offspring (5 males 
and 18 females) of case 5 with rcp(3;12) led to the iden-
tification of seven carrier females (30  % transmission 
rate). There were two male and two female carriers of 
rcp(7;15) (case 7) among the 15 randomly selected off-
spring (7 males and 8 females), thus resulting in a very 
similar transmission rate of 27  %. These transmission 
rates were based on partial litters and were statistically 
different from the expected dissemination rate (50 %). In 
addition, on average 36 % of the piglets from two litters 
(9/25) (44 % (4) males, 56 % (5) females) were identified 
as carriers when a rob(13;17) carrier boar was mated with 
normal sows. When both parents were heterozygous car-
riers, 76 % (22/29) of the progeny inherited the transloca-
tion, among which 48 % were heterozygous (14/29) and 
28  % (8/29) were homozygous carriers. Among the car-
rier piglets, 59  % (13/22) were females and 41  % (9/22) 
were males. These mating yielded surprisingly large litter 
sizes (13 and 16 piglets).
Discussion
Pigs with chromosomal abnormalities in a balanced con-
dition usually express normal physical characteristics 
and growth rate, thus, most often the phenotype does 
not provide information for their detection and prompt 
elimination from the herd [5, 25]. However, their repro-
ductive efficiency is affected, i.e. due to the generation of 
genetically-unbalanced gametes at meiosis and concomi-
tant early embryo loss, mating of such individuals often 
results in reduced litter size, and thus they are referred 
to as hypoprolific or subfertile animals [26]. The fact that 
almost 50  % of hypoprolific boars carry balanced chro-
mosome rearrangements emphasizes that structural 
chromosome abnormalities are a major cause of repro-
ductive failure in pigs [5, 11, 25, 27]. Although the aver-
age reduction in litter size of a sow mated with a carrier 
boar can range from 10 to 100 %, elimination of boar car-
riers before major breeding decisions is not an easy task 
at the farm level. Systematic cytogenetic screening of 
boars potentially used for AI is currently the most effec-
tive way of identifying boars that are carriers of chromo-
some abnormalities and at risk of producing small litters 
[5].
This survey involved six large commercial swine opera-
tions, each with several subsidiary farms, and resulted in 
the identification of nine reciprocal translocations and 
one inversion among 732 pigs. All represent novel cases 
of chromosomal abnormalities that were not previously 
reported. Table 2 compares these newly identified chro-
mosome abnormalities to published cases involving the 
same pig chromosomes. The fact that the abnormali-
ties were not detected in multiple herds suggests lack of 
inbreeding in the pig population sampled or random 
distribution of founder animals. Nevertheless, the single 
Robertsonian translocation (Rob(13,17)) that we detected 
in a Canadian herd, has already been reported in pigs 
from several countries including China, France, Germany 
and Mexico[6, 28–30].
The estimated prevalence of chromosome abnormali-
ties in the Canadian pig populations (1.64  %) appears 
to be much higher than other frequencies recently 
reported in other countries. For instance, a prevalence of 
0.5 % was estimated in France, although in this country 
systematical karyotype analysis and selective elimina-
tion from breeding populations have been in place for 
over two decades [5], thereby effectively eliminating all 
but de novo occurrences. At present, it is not known if 
Table 3 Fertility data of carriers
*** p < 0.001; ** p < 0.01; * p < 0.05
ns no statistical difference when compared with the same herd
a Calculated based on the minimal weanling cost of $25
Case # # litters Ave litter size % TNB % NBA % NSB % MUMM DBE Total piglet losta Cost (CAD)
1
2 13 10.8 −27*** −28*** −14ns +51ns −4.82 52 1300
3 25 7.2 −46 153 3825
4 73 9.2 −22*** −21*** −66*** +85*** −2.67 189 8505
5 15 10.7 −17* −17* −21ns +63*** −4.4 33 825
6 4 10 +7.5
7 54 6 −36 182 4550
8 61 8.4 −28*** −27*** −38*** +22** −4.39
9 6 6.8 −27
10 68 12.7 −4ns −6ns +19ns +14ns
11 N/A
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genetic predispositions for de novo chromosome abnor-
malities occur in certain breeds of pigs or whether a 
specific genotype of an individual makes it susceptible 
for chromosome mutations to occur. Such information 
would provide an extra tool for breeding decisions and 
early elimination of undesirable animals from breeding 
programs.
In addition to determining the prevalence of chromo-
some abnormalities in commercial swine operations in 
Canada, our aim was to investigate the effect of the rear-
rangements on the overall fertility of carriers. For nine 
of the 12 carrier boars identified, comprehensive data on 
production parameters was available for analysis. For all 
nine boars, standard reproductive parameters such as 
TNB and NBA were reduced compared with the herd 
averages of the same farm. Both of these parameters are 
considered as crucial animal production parameters [31, 
32]. The extent of fertility reduction varied between 4 and 
46 % depending on the chromosomal rearrangement car-
ried by the animal with reciprocal translocations causing 
the most adverse effects on TNB (−17 to −46 %, respec-
tively). Studies on the Rob(13;17) translocation showed a 
reduction of fertility between 10 and 20 % [33]. However, 
in our study, boars carrying the Rob(13;17) transloca-
tion had only a slight reduction in TNB (4  %) which is 
in agreement with the findings of Pinton et al. [34] who 
reported 2.96  to  3.83  % of unbalanced spermatozoa by 
FISH (fluorescent in situ hybridization) analysis. Because 
the Rob(13;17) translocation resulted in only a minor 
reduction in litter size, litter size parameters did not 
allow its detection and, thus, it was widely disseminated 
throughout the herd where 77  % of the progeny of one 
individual carrier sow had inherited the translocation.
Generally, the detection of hypoprolific boars based on 
fertility data is only possible after a large number of lit-
ters are produced and by that time, an AI boar may have 
been used for more than four months and could serve 
hundreds of sows, leaving a large number of potential 
carrier descendants to be tested and identified. The DBE 
which is based on routine computations of the Canadian 
national swine breeding database has been increasingly 
used as an enhanced detection tool for hypoprolific boars 
[14, 35]. The four carriers, for which DBE values were 
available, all had values that were considerably lower 
than 0 (−4.82, −4.4, −4.39 and −2.67), which indicates 
the usefulness of this parameter; however, its calculation 
requires a minimal amount of mating data, which limits 
its practical application. Nevertheless, DBE is a valuable 
tool for screening relatives of an animal that was previ-
ously identified as a carrier of a chromosome abnormal-
ity, especially in cases where the parents of the carrier are 
no longer available for karyotype analysis to investigate 
the origin of the abnormality. In this study, cases 2, 5 and 
11 exemplify the usefulness of the DBE parameter when 
the origin of the chromosomal rearrangements could not 
be confirmed. By reviewing the DBE values of related 
males, it was possible to speculate on the origin of the 
abnormality. However, much less is known about the spe-
cific rate of chromosome abnormalities according to the 
sex of the animals being bred. Here, we karyotyped both 
parents of five identified boar carriers and the maternal 
inheritance of the reciprocal chromosome transloca-
tion was determined in three of these cases, while two 
of the chromosome rearrangements occurred de novo. It 
should be noted that low fertility in the case of the sows’ 
performance (e.g. hypoprolificacy) may go undetected 
due to the number of parities needed for record analy-
sis at the farms, unless fertility reduction is eventually 
quite large. Thus, it is expected that any rate of chromo-
some abnormalities observed in pig populations would 
include both origins, inherited and de novo chromosome 
rearrangements.
It is clear from the published case reports and large-
scale population surveys that chromosome abnormalities 
are present in pig populations around the world and have 
a negative impact on reproductive efficiency and result 
in substantial economic losses [5, 27]. The extent of the 
financial loss is country- and farm-specific. In the con-
text of this study, extrapolating the calculated frequency 
of 1.6  % of chromosome rearrangements to the com-
mercial production scale, it is possible that over 46,400 
of the approximately 2.9 million litters produced per 
year in Canada could be affected. At an average loss of 
four piglets per litter, the annual cost of piglets lost due 
to unidentified translocation carriers could be as high as 
$4.6 M.
Conclusions
In this paper, we report the results of the largest system-
atic cytogenetic screening program for young breed-
ing boars in Canada, to date. The results, in agreement 
with previous studies, underline the high incidence and 
variability of chromosome abnormalities in domestic 
pig populations. The prevalence of translocations in the 
Canadian pig populations (1.64  %) is higher than fre-
quencies that have been reported in different countries. 
Reciprocal translocations seem to be the most frequent 
chromosomal abnormality occurring in domestic pig 
populations; they have a large negative effect on the fer-
tility of carrier animals, which leads to smaller litter sizes 
and increased numbers of stillbirth and mummified pig-
lets, as the most common in-farm recordable outcomes. 
Three out of five reciprocal chromosome translocations 
were maternally inherited, and two occurred as de novo 
chromosome rearrangements, which highlight the role 
of karyotype analysis as a laboratory test for elite genetic 
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pigs of both sexes. Chromosome inversions and Robert-
sonian translocations have a smaller effect on the reduc-
tion in litter size of carriers. These findings emphasize 
the relevance of cytogenetic screening programs to sys-
tematically test all breeding boars as an essential tool 
for swine improvement in any country with an intensive 
pork industry.
Authors’ contributions
ATQ, TR, DAFV performed cytogenetic analyses, interpreted data and wrote 
the manuscript. MPM performed cell cultures and helped for the analysis of 
Rob(13,17) samples. AS, LM, SW, BS collected and analyzed performance data 
and revised the manuscript. WAK conceived the study and organized the 
screening program and revised the manuscript. All authors read and approved 
the final manuscript.
Author details
1 Department of Biomedical Sciences, University of Guelph, Guelph, ON, 
Canada. 2 Canadian Centre for Swine Improvement Inc., Ottawa, ON, Canada. 
3 Departamento de Produccion Animal, Universidad de Guadalajara, Zapopan, 
Jalisco, Mexico. 
Acknowledgements
The authors wish to thank the Ontario Swine Improvement, Total Swine 
Genetics, participating breeding stock suppliers, Canadian Centre for Swine 
Improvement and Dr. Mohsen Jafarikia for assisting in the recruitment of 
farms.
Competing interests
The authors declare that they have no competing interests.
Availability of data and material
The detailed karyotypes of the identified cases are attached as Additional 
file 1.
Ethics approval and consent to participate
Blood samples were taken by licensed farm technicians or CFIA (Canadian 
Food Inspection Agency) veterinarians according to the Canadian Council on 
Animal Care and the University of Guelph’s Animal Care Committee guidelines. 
These animals were regular breeding animals and not selected for research 
purposes.
Funding
Funding was provided by the Agricultural Adaptation Program, the Natural 
Sciences and Engineering Research Council of Canada and the Canada 
Research Chairs program. ATQ was supported by a Vietnam International 
Education Development—Ministry of Education and Training scholarship.
Received: 7 May 2016   Accepted: 3 September 2016
References
 1. USDA, Foreign Agricultural Service. Livestock and poultry: world markets 
and trade. http://www.fas.usda.gov/data/livestock-and-poultry-world-
markets-and-trade (2014). Accessed 28 Aug 2016.
 2. Food and Agriculture Organization of the United Nations (FAO). Meat 
consumption http://www.fao.org/ag/againfo/themes/en/meat/back-
ground.html (2014). Accessed 28 Aug 2016.
Additional file
Additional file 1. Detailed description and representative karyotype 
images for the 11 cases analyzed in this study.
 3. Rothschild MF. Genetics and reproduction in the pig. Anim Reprod Sci. 
1996;42:143–51.
 4. Gustavsson I, Settergren I. Reciprocal chromosome translocation with 
transfer of centromeric heterochromatin in the domestic pig karyotype. 
Hereditas. 1984;100:1–5.
 5. Ducos A, Revay T, Kovacs A, Hidas A, Pinton A, Bonnet-Garnier A, et al. 
Cytogenetic screening of livestock populations in Europe: an overview. 
Cytogenet Genome Res. 2008;120:26–41.
 6. Ducos A, Berland H-M, Bonnet N, Calgaro A, Billoux S, Mary N, et al. Chro-
mosomal control of pig populations in France: 2002–2006 survey. Genet 
Sel Evol. 2007;39:583–97.
 7. Danielak-Czech B, Świtoński M, Slota E. First identification of reciprocal 
translocations in Polish pigs. J Anim Breed Genet. 1997;114:69–78.
 8. Rodriguez A, Sanz E, De Mercado E, Gomez E, Martin M, Carrascosa C, 
et al. Reproductive consequences of a reciprocal chromosomal transloca-
tion in two Duroc boars used to provide semen for artificial insemination. 
Theriogenology. 2010;74:67–74.
 9. Singh B, Fisher KRS, Yadav BR, Basrur PK. Characterization of a transloca-
tion and its impact on fertility in the pig. Genome. 1994;37:280–8.
 10. Neal MS, Reyes ER, Fisher KS, King WA, Basrur PK. Reproductive con-
sequences of an X-autosome translocation in a swine herd. Can Vet J. 
1998;39:232–7.
 11. Quach TA, Villagómez DAF, Coppola G, Pinton A, Hart EJ, Reyes ER, et al. A 
cytogenetic study of breeding boars in Canada. Cytogenet Genome Res. 
2009;126:271–80.
 12. Seabright M. A Rapid banding technique for human chromosomes. 
Lancet. 1971;298:971–2.
 13. Gustavsson I. Standard karyotype of the domestic pig. Committee for the 
Standardized Karyotype of the Domestic Pig. Hereditas. 1988;109:151–7.
 14. Tribout T, Ducos A, Maignel L, Bidanel J. La detection de verrats porteurs 
d’anomalies chromosomiques Utilisation du systeme d’information BLUP. 
Techniporc. 2000;23:19–24.
 15. Sullivan, Brian Chesnais J. Economic aspects of swine genetic improve-
ment and the future of swine selection in Canada. http://www.ccsi.ca/
genetics/cipqn94.htm (1994). Accessed 28 Aug 2016.
 16. Statistics Canada. Hog inventories. http://www.statcan.gc.ca/tables-
tableaux/sum-som/l01/cst01/prim51a-eng.htm (2016). Accessed 28 Aug 
2016.
 17. Danielak-Czech B, Slota E, Switonski M. Identification of the first reciprocal 
translocation in pig population bred in Poland. In Proceedings of the 
11th European colloquium in cytogenetics in domestic animals, Copen-
hagen, Denmark; 1994.
 18. Kuokkanen M-T, Makinen A. Reciprocal chromosome translocations 
(1p − ; 11q +) and (1p + ; 15q −), in domestic pigs with reduced litter 
size. Hereditas. 2008;109:69–73.
 19. Popescu CP, Boscher J, Siquing Z. Cytogenetic evaluation of boars with a 
low prolificacy: two new types of chromosome translocation. Ann Genet. 
1988;31:75–80.
 20. Popescu CP, Boscher J, Tixier M. Une Nouvelle Translocation Réciproque 
t, rcp(7q − ; 15q −) Chez Un Verrat « hypoprolifique». Genet Sel Evol. 
1983;15:479–88.
 21. Konfortova GD, Miller NG, Tucker EM. A new reciprocal translocation 
(7q + ;15q −) in the domestic pig. Cytogenet Cell Genet. 1995;71:285–8.
 22. Mäkinen A, Pitkänen T, Andersson M. Two cases of reciprocal transloca-
tions in domestic pigs producing small litters. J Anim Breed Genet. 
1997;114:377–84.
 23. Ravaoarimanana B, Villagomez D, Gustavsson I. Synaptonemal complex 
analysis of four reciprocal translocations involving NOR-bearing chro-
mosomes in pig. In: Proceedings of the 10th European colloquium in 
cytogenetics in domestic animals, Utrecht, The Netherlands; 1992.
 24. Świtoński M. Paracentric inversion involving NOR of chromosome 8 in 
a boar: studies of synaptonemal complexes under a light microscope. 
Genet Sel Evol. 1991;23:181–9.
 25. Gustavsson I. Chromosomes of the pig. Adv Vet Sci Comp Med. 
1990;34:73–107.
 26. King WA, Linares T, Gustavsson I. Cytogenetics of preimplantation 
embryos sired by bulls heterozygous for the 1/29 translocation. Heredi-
tas. 1981;94:219–24.
 27. Popescu CP, Bonneau M, Tixier M, Bahri I, Boscher J. Reciprocal transloca-
tions in pigs: their detection and consequences on animal performance 
and economic losses. J Hered. 1984;75:448–52.
Page 7 of 7Quach et al. Genet Sel Evol  (2016) 48:66 
•  We accept pre-submission inquiries 
•  Our selector tool helps you to find the most relevant journal
•  We provide round the clock customer support 
•  Convenient online submission
•  Thorough peer review
•  Inclusion in PubMed and all major indexing services 
•  Maximum visibility for your research
Submit your manuscript at
www.biomedcentral.com/submit
Submit your next manuscript to BioMed Central 
and we will help you at every step:
 28. Alonso RA, Cantu J. A Robertsonian translocation in the domestic pig (Sus 
scrofa) 37, XX, -13, -17, t rob(13;17). Ann Genet. 1982;25:50–2.
 29. Schwerin M, Golisch D, Ritter E. A Robertsonian translocation in swine. 
Genet Sel Evol. 1986;18:367–74.
 30. Shan J, Zhang C, Sun J, Li L. Synaptonemal complex analysis of 13/17 
Robertsonian translocation in the domestic pig. Yi Chuan Xue Bao. 
1994;21:96–103 (in Chinese).
 31. Rothschild MF, Ruvinsky A. The genetics of the pig. 2nd ed. Wallingford: 
CAB International; 2011.
 32. National Swine Improvement Federation. Genetic parameters and their 
use in swine breeding. http://www.nsif.com/handbook.htm (2002). 
Accessed 28 Aug 2016.
 33. McFeely R, Klunder L, Goldman J. A Robertsonian translocation in a sow 
with reduced litter size. In: Proceedings of the 8th European colloquium 
in cytogenetics in domestic animals, Bristol, UK; 1988.
 34. Pinton A, Calgaro A, Bonnet N, Ferchaud S, Billoux S, Dudez AM, et al. 
Influence of sex on the meiotic segregation of a t(13;17) Robertsonian 
translocation: a case study in the pig. Hum Reprod. 2009;24:2034–43.
 35. Canadian Centre for Swine Improvement Inc. Detection of hypoprolific 
boars potentially carrying chromosomal abnormalities. https://www.ccsi.
ca/reports_2004/414_Hypoprolific_boars.pdf (2004). Accessed 28 Aug 
2016.
